The vaccinia virus (VV) E3L gene encodes a dsRNA binding protein that inhibits activation of the IFNinduced, dsRNA-dependent protein kinase, (PKR), the 2 -5A synthetases/RNase L system and other dsRNA dependent pathways, thus leading to efficient VV replication. To analyse E3L effects over cellular metabolism in a virus-free system, we have generated stable mouse 3T3 cell lines expressing E3L. Expression of E3L in NIH3T3 cells results in inhibition of eIF-2a phosphorylation and IkBa degradation in response to dsRNA. Antiviral responses induced by IFN-a/b were partially impaired in 3T3-E3L cells, as determined by a viability assay upon VSV infection. E3L expression also confers resistance to dsRNA-triggered apoptosis. Interestingly, cells expressing E3L grew faster than control cells, and showed increased expression of cyclin A and decreased levels of p27 Kip1 . E3L cooperated with H-ras in a focus formation assay, and NIH3T3 E3L cells formed solid tumors when injected in nude mice. Overall, our findings reveal that interference of E3L protein with several cellular pathways, results in promotion of cellular growth, impairment of antiviral activity and resistance to apoptosis.
Introduction
Virus infected cells are stimulated to produce and secrete interferons (IFNs). The production of IFNs is triggered by dsRNA accumulation upon viral infection (Jacobs and Langland, 1996) . Once secreted, IFN initiates a signal transduction pathway that commences by the recognition of a cell surface receptor and culminates with targeted gene expression (Stark et al., 1998) . More than 100 different genes have been identified as being IFN-induced, including genes that trigger apoptosis, modulate immune responses and establish an antiviral state at the host cell level . In addition, IFNs are potent antitumor agents (Stark et al., 1998) . The antiviral response triggered by IFNs is a complex process involving several pathways. Even mouse with three antiviral enzymes modified by target recombination, are still able to establish a protective state in response to IFN priming . Interestingly, at least two major antiviral pathways induced by IFNs are also activated by dsRNA. One involves endoribonuclease L (RNase L), an IFN-inducible enzyme present in mammalian cells that is a component of the 2 -5A system, together with dsRNA-activated 2 -5A synthetases (reviewed in Rebouillat and Hovanessian, 1999; Sen and Lengyel, 1992) . The other pathway is triggered by PKR, a serine-threonine kinase (Meurs et al., 1990;  for review Clemens and Elia, 1997) which is activated by dsRNA binding. PKR controls different cellular processes such as cell growth (Chong et al., 1992) , differentiation (Petryshyn et al., 1984) , apoptosis (Lee and Esteban, 1994; Der et al., 1997) , stress response (Tan and Katze, 1999; Williams, 1999) and also exerts antiviral (Lee and Esteban, 1993; Lee et al., 1996) and antitumor activities (Koromilas et al., 1992; Meurs et al., 1993) . Upon activation, PKR inhibits initiation of translation by phosphorylating eIF-2a, the alpha subunit of the eukaryotic initiation factor 2 (Levin and London, 1978) , and also regulates activation of several transcription factors such as IRF-1, p53, and NF-kB (Kumar et al., 1997; Cuddihy et al., 1999a,b) . In addition, dsRNA induces activation of other transcription factors such as IRF-3 that is also involved in virus-induced apoptosis, (Heylbroeck et al., 2000) and c-Jun (Chu et al., 1999) . Overall, dsRNA triggers the induction of more than a hundred genes (Geiss et al., 2001) , some of them with ability to modulate cell growth such as p56 (Guo et al., 2000) .
Many viruses encode direct inhibitors of the IFNtransduction pathway or specific inhibitors of IFNinduced proteins to avoid deleterious effects triggered by these cytokines (Smith, 1994; Smith et al., 1997) . In most cell lines tested vaccinia virus (VV) is relatively resistant to the antiviral effects of IFN (Paez and Esteban, 1984) . In addition, VV is able to rescue the replication of IFN-sensitive viruses, such as vesicular stomatitis virus (VSV) and encephalomyocarditis virus (EMCV) upon coinfection (Paez and Esteban, 1984) . To counteract IFN action, VV encodes secreted receptors for IFNs (Symons et al., 1995; Alcami and Smith, 1995) and at least two proteins, K3L and E3L, that have the ability to inhibit IFN-induced pathways. K3L is a PKR pseudosubstrate and E3L is a high affinity dsRNA-binding protein (Davies et al., 1993) . The E3L gene of VV encodes two proteins, p25 and p20 (Watson et al., 1991) that are expressed early in infection (Yuwen et al., 1993) and are incorporated in the virions of VV (Murcia-Nicolas et al., 1999) . E3L is a host range gene, necessary for efficient VV replication in several cell lines (Beattie et al., 1995) and is required for VV pathogenesis (Brandt and Jacobs, 2001) . The important role of E3L in the viral-defense mechanism against IFNs is highlighted by several experimental findings. A VV mutant lacking E3L (VV D E3L) is sensitive to the antiviral effects of IFN (Beattie et al., 1995) and induces apoptosis in HeLa cells (Lee and Esteban, 1994) . E3L has also been shown to be an inhibitor of PKR both in vitro and in vivo (Chang et al., 1992) , due to dsRNA sequestration and direct binding to PKR (Romano et al., 1998; Sharp et al., 1998) . E3L has also been shown to inhibit the 2 -5 A system (Rivas et al., 1998) and to prevent phosphorylation and subsequent activation of IRF3 and IRF7 (Smith et al., 2001) .
Because of the multiple biological effects of E3L over IFN and dsRNA-triggered pathways, it was of interest to examine the consequences of E3L expression in mammalian cells, in the absence of other VV functions. To this aim, we generated mouse NIH3T3 cell lines constitutively expressing E3L protein of VV. E3L expression was able to inhibit eIF-2a phosphorylation and IkBa degradation in response to dsRNA. Different parameters such as interference with antiviral activities of IFN, effect on apoptosis and cell growth have been evaluated. Overall, E3L expression confers antiapoptotic and oncogenic properties to NIH3T3 cells, highlighting the importance of dsRNA-activated pathways in cell metabolism.
Results

Generation of 3T3 cells expressing functional E3L protein of VV
In order to directly analyse the role of E3L protein on cellular metabolism, we constructed a plasmid encoding the E3L protein under the control of a CMV promoter (pCINEO-E3L), and generated cells stably expressing this protein. Expression of the E3L protein was confirmed by Western blot analysis (Figure 1a) . The molecular mass of the E3L protein in Western blots was the same as the viral protein synthesized during VV infection (left lane). Based upon these results we selected the cell line in which the viral protein was stably produced. As controls, we used parental cells and cell lines transfected with the empty vector. To examine potential biological effects of E3L expression, we analysed eIF-2a phosphorylation in response to pIC (a synthetic dsRNA polymer) treatment of these cell lines. As expected, E3L expression resulted in inhibition of eIF-2a phosphorylation in response to dsRNA treatment (Figure 1b) .
The main role of E3L during VV infection is to inhibit several antiviral pathways. To further validate that E3L was functional in NIH3T3 cells, we measured IFN-induced resistance to VSV infection. To this end, cells were pre-treated for 16 h with different doses of IFN a/b, infected with VSV, and at 36 h.p.i. cell viability was determined. IFN protected NIH3T3 cells and control clones against VSV-induced cytopathic effects in a manner dependent on the dose, reaching 100% protection at an IFN dose of 100 units or higher (Figure 1c ). In the case of NIH3T3-E3L cells, protection by IFN was reduced to 60 -70%. Similar results were obtained in three independent experiments and using independent clones. These findings indicate that E3L protein expressed in NIH3T3 is fully functional.
Effect of E3L expression over dsRNA-dependent IkBa degradation
DsRNA triggers the activation of multiple signal transduction cascades including the NF-kB pathway. To analyse the effect of E3L on NF-kB activation we determined the degradation of IkBa in response to dsRNA in NIH3T3-E3L and control cells. Cells were treated with either pIC or LPS (Figure 2 ). Both 3T3 cells and 3T3-Neo cells suffered degradation of IkBa after 1 h post-treatment with pIC. Degradation of IkBa was not detected in 3T3-E3L cells exposed to the same pIC treatment but rather IkBa levels increased with time as a consequence of resynthesis. No significant differences in IkBa degradation were observed between the different cell lines subjected to LPS treatment ( Figure 2 ).
Expression of E3L inhibits dsRNA-induced apoptosis
DsRNA triggers apoptosis through activation of several different pathways (Lee and Esteban, 1994; Der et al., 1997; Dı´az-Guerra et al., 1997; Zhou et al., 1997; Castelli et al., 1997) . To evaluate if E3L expression confers resistance to NIH3T3 cells to apoptosis induced by dsRNA, semiconfluent cells were treated with pIC as previously described . Viability of cells was analysed by staining using vital dye. Figure 3 demonstrates that NIH3T3-E3L cells are significantly protected from pIC-induced apoptosis compared with control cells. Similar results were obtained in three independent experiments, and using independent clones.
Growth properties of 3T3-E3L cell lines
Expression of inactive PKR mutants or of several PKR inhibitors has been shown to promote cell growth (Koromilas et al., 1992; Meurs et al., 1993; Tang et al., 1999; Gale et al., 1999) . Hence, we evaluated the effect of E3L expression on growth properties of NIH3T3 cells. Growth of 3T3-E3L cells was more rapid than control cells, as shown with two independent clones (Figure 4a ), reaching higher cell densities (data not shown). As a further confirmation of enhanced growth of E3L-expressing cells, we observed an accelerated entry into S phase after starvation and restimulation with serum ( Figure 4b ). Progression from G 1 to S phase in mammalian cells is regulated through accumulation of cyclins D, E and A, which bind to and activate different Cdks (review, Sherr, 1994) . To analyse the molecular basis of the enhanced growth properties of E3L-expressing cell lines, we performed RNase protection assays. Cyclin D1 and D2 expression was slightly downregulated in cells expressing E3L protein (Figure 4c ). However, cyclin A, involved in S phase entry, was upregulated in NIH3T3-E3L cells. This is consistent with the enhanced S phase entry observed in these cells.
The cell cycle is tightly regulated by modification of cdk activity by different cdk inhibitors (Sherr and Roberts, 1995) . Thus, we performed Western blots against the cdk inhibitors, p16
Ink4a
, p21
Cip1 and p27 Kip1 . In the absence of E3L expression, levels of p16
Ink4a and p21 Cip1 were almost undetectable and remained constant in the different cell lines (data not shown). However, as shown in Figure 4d , 3T3-E3L cells showed decreased levels of p27
Kip1 as compared with the 3T3-p-NEO counterparts. These findings suggest that E3L can promote cell growth in a virusfree environment via interference with dsRNA-triggered pathways.
Oncogenic properties of E3L protein expression
To further investigate the transforming potential of the E3L protein, we examined the ability of E3L expressing cells of growing in soft agar. As shown in Figure 5a , expression of E3L enabled anchorageindependent growth of 3T3 cells, in a similar way to what happened when cells were expressing H-ras v12 as a positive control. Next we analysed E3L ability to cooperate with H-ras in focus formation. To this end, NIH3T3 cells were transfected with the vectors indicated in Figure 5b . No foci were observed in cells transfected with the pCINEO plasmid or with pCINEO-E3L alone. However, a significant number of foci were detected upon expression of H-ras ( Figure  5b ). When the E3L plasmid was cotransfected with the H-ras plasmid, the number of foci was almost doubled, suggesting that VV E3L protein cooperated with H-ras in this process. Noteworthy, this experiment was performed using a polyclonal cell population, indicating that clonal effects do not account for the result.
Since overexpression of PKR inhibitors, such as p58 and TRBP produced tumor formation in nude mice (Meurs et al., 1993; Barber et al., 1994; Tang et al., 1999; Benkirane et al., 1997) we decided to examine if E3L overexpression could also produce tumors. (Figure 5c ). While no tumors were observed in the control groups, three of the four mice inoculated with E3L-3T3 cells developed tumors after 7 weeks postinoculation. Tumors had typical histological features of fibrosarcoma (data not shown) exhibiting pleiomorphic spindle-shaped cells with hiperchromatism and a high mitotic rate and were positive for E3L expression as detected for RT -PCR (Figure 5d ). These in vitro and in vivo results suggest that E3L protein of VV has oncogenic potential.
Discussion
Many different viruses encode inhibitors of IFNs in order to counteract the antiviral effects exerted by these cytokines. These inhibitors directly sequester IFNs, interfere with IFN-induced signaling or act against IFN-induced proteins Smith, 1994; Symons et al., 1995; Alcami and Smith, 1995 Semi confluent 3T3 cell lines were starved for 2 h and transfected with pIC (20 mg/ml), in the presence of actinomycin D (50 ng/ml), using Lipofectamine (Gibco) following the supplier's instructions. Apoptosis was measured at 24 h after treatment as described in the Materials and methods al., 1992; Lu et al., 1995) . These dsRNA-binding proteins are effective inhibitors of the IFN antiviral response. They inhibit IFN production and directly block the action of antiviral proteins such as RNase L and PKR (Chang et al., 1992; Rivas et al., 1998) . The VV E3L protein is one of these dsRNA-binding proteins with a key role in VV replication. The biological role of E3L has been studied using various approaches including the generation of VV mutants with selective deletions of the gene and complementation of the phenotype of the virus in transient or through the generation of recombinant viruses (Chang et al., 1992; Brandt and Jacobs, 2001) . In this investigation, we have taken an alternative approach to define the role of E3L on cellular function in the absence of VV. We have generated cell lines constitutively expressing the E3L protein and demonstrated that expression of this protein has a significant impact on cellular functions even in the absence of virus infection. Both eIF-2a phosphorylation and IkBa degradation are inhibited in NIH3T3-E3L cells in response to dsRNA. The fact that activation of two PKR-dependent signaling pathways is impaired in these cells highlights the value of the system.
We also found that 3T3-E3L cells are more resistant to the antiviral effects of IFN than control cells. The most likely explanation for IFN resistance is partial interference with multiple dsRNA-dependent pathways. PKR, the 2 -5A system, IRF3, IRF7 or p56 among others have been shown to be activated by dsRNA and have antiviral properties (Meurs et al., 1990; Smith et al., 2001; Guo et al., 2000) . The idea of multiple Figure 4 Growth properties of NIH3T3 cell expressing E3L. (a) 3T3 cell lines were seeded (10 000 cells/well) in 12-well plates in DMEM supplemented with 10% FCS. Medium was changed after 2 days, and every day cell numbers were counted using a hemocytometer. Each growth curve was performed at least twice, and each time point was determined in triplicate. (b) Re-entry into S phase was determined after serum deprivation of 3T3-NEO (triangles) and 3T3-E3L cells (circles). (c) Total RNA from 3T3-NEO and 3T3-E3L cells were analysed by RNase protection with radiolabeled probes specific for cyclins at 6 h post synchronization. The protected samples were separated by denaturing gel electrophoresis and quantified using a STORM Phosphorimager. (d) 100 mg of total proteins were separated by SDS -PAGE, transferred to nitrocellulose and immunoblotted with antibodies against p27 antiviral pathways needing to be suppressed simultaneously is supported by the fact that VV D E3L replication is not fully recovered in PKR 0/0 , in RNase L 0/0 cells, or even in triple knockout mice defective in Mx, PKR and RNAse L (Rivas et al., 1998; Xiang et al., 2002) .
DsRNA is a potent inducer of apoptosis (Kibler et al., 1997) and can act by recognition of Toll-like receptors (Alexopoulou et al., 2001) . Expression of E3L resulted in enhanced resistance to cell death upon pIC-treatment, consistent with a general inhibition of dsRNA-dependent pathways. Multiple dsRNA-dependent proteins, such as PKR, RNaseL or IRF-3 have been shown to be involved in apoptosis induction in response to stimuli such as serum deprivation, treatment with TNF-a, LPS, or virus infection Zhou et al., 1997; Srivastava et al., 1998) . Thus, expression of E3L protein modulates the activity of several dsRNA-binding proteins and protects cells from cell death at various levels.
Expression of inactive PKR mutants, or PKR inhibitors results in promotion of cell growth (Koromilas et al., 1992; Meurs et al., 1993; Tang et al., 1999; Park et al., 1994; Gale et al., 1999) . Cell growth is also controlled by other dsRNA-dependent pathways such as the 2 -5 A system (Zhou et al., 1997) or p56 targeting of eIF3 (Guo et al., 2000) . In this context, IRF3 is activated by UV and anticancer drugs, suggesting a possible role as a tumor suppressor (Kim et al., 1999) . Hence, we analysed the effect of E3L expression on cell growth. Even when the levels of E3L expression in NIH3T3-E3L cells were lower compared to VV-infected cells, these cells proliferated more rapidly than control cells. When liberated from starvation 3T3-E3L cells entered the S phase before control cells, as a result of enhanced cyclin A levels. In addition, when we analysed expression levels of several cdk inhibitors by Western blotting, p27
Kip1 levels were diminished in NIH3T3-E3L cells. Interestingly, p27
Kip1 is upregulated at a posttranscriptional level during IFN-induced cell cycle arrest (Sangfelt et al., 1999) . Cells expressing cellular and viral PKR inhibitors such as TRBP, p58 IPK , NS5A or inactive mutants of PKR, have oncogenic properties and produce solid tumors when injected into nude mice (Meurs et al., 1993; Benkirane et al., 1997; Tang et al., 1999; Ghosh et al., 1998) . PKR is required for cell growth control and is a potential tumor suppressor (Jagus et al., 1999; Williams, 1999) , despite the fact that PKR 0/0 mice do not show increased tumor rates (Yang et al., 1995) . Since VV E3L is an inhibitor of PKR and of other dsRNA-dependent pathways and, as shown here, also promotes cell growth, it was not surprising to find that E3L induces transformation under certain conditions. Despite E3L by itself was not able to induce foci formation, it can cooperate with H-ras and induce anchorage-independent growth by itself. In addition, when injected into nude mice, NIH3T3-E3L cells generated solid tumors, further supporting the importance of dsRNA-dependent pathways in controlling cell growth and tumor formation. It should be noted that VV does not induce transformation in cultured cells nor in animals probably due to cell destruction as a cause of virus infection and by the strong activation of the immune system. Under those conditions, the virus E3L protein, which is an early product might not be capable of triggering cell transformation.
In conclusion, in this investigation we have demonstrated the effect of constitutive expression of the VV dsRNA-binding protein E3L in mouse NIH3T3 cells. E3L expressing cell lines exhibit increased resistance to the antiviral effects of IFNs a/b and decreased cell death in response to pIC treatment. Noteworthy, we present evidence that the E3L protein of VV has oncogenic properties, both in vitro and in vivo. These observations establish a framework for future work using ectopic expression of E3L protein in cell lines or organisms to study the biological effect of interfering with dsRNA signaling pathways and to determine the potential benefits as a result of increased cell viability or enhanced expression of foreign proteins. was purchased from Invitrogen. Crystal Violet, actinomycin D and polyriboinosinic polyribocytidilic acid (pIC) were from Sigma. Polyclonal antibody recognizing E3L proteins was kindly provided by Bertram L Jacobs (Arizona State University, AZ, USA).
Materials and methods
Materials
Plasmid constructions
Plasmid pCINEO-E3L was generated by cloning a HindIII/ EcoRV fragment of pcDNA-E3L (Rivas et al., 1998) treated with Klenow enzyme (Roche) in pCINEO (Promega) previously digested with SmaI restriction enzyme. Plasmid pAL8-H ras was generously provided by Mariano Barbacid (CNIO, Spain).
Cells
Mouse NIH3T3 cells were grown in DMEM supplemented with 10% calf serum (CS). Cells were cultured at 378C in 5% CO 2 in DMEM medium containing foetal calf serum and antibiotics. For the generation of 3T3 cell lines containing the E3L gene, cells were transfected with 10 mg of pCINEO-E3L or with the same amount of a control plasmid pCINEO, using the calcium phosphate transfection method (Current Protocols in Molecular Biology). After 2 days of incubation in the presence of 500 mg/ml G418 (Geneticin; Invitrogen), cells were trypsinized, diluted, plated in medium containing the drug at 700 mg/ml and surviving colonies were cloned and further expanded in the presence of 700 mg/ml of G418.
RT -PCR analysis
Total mRNA was purified from aseptically removed tumors. Essentially, identical pieces of tumor from three mice were homogenized in extraction buffer using an Ultraturrax T8 mechanical homogenizer (Janke and Kunkel, Staufen, Germany). Clear lysates were used as the source for mRNA purified using RNA Wiz purification kit (Ambion) following the instruction of the manufacturer. This method is based on nucleic acid extraction with guanidinium thiocyanate and purification with oligo (dT)-cellular chromatography in a spin column. Equal amounts of mRNA were reverse-transcribed and amplified by the polymerase chain reaction using the Superscript one-step RT -PCR system (GIBCO -BRL) as indicated by the supplier. The primers used for the detection of mRNA from E3L were 5'-CCG GAT CCC GAT GTC TAA AAT CTA TAT CG-3' and 5'-GCG GTA CCC CTC AGA ATC TAA TGA TGA CG-3' that amplified a 593 bp fragment. Control primers used for the detection of mRNA from the HPRT housekeeping gene (5'-GTT GGA TAC AGG CCA GAT TTG TTG-3' and 5'-GAT TCA ACT TGC GCT CAT CTT AGG C-3') amplify a 163 bp fragment. Amplification conditions (25 cycles for HPRT and 30 cycles for E3L) were checked to be in the exponential phase of PCR. Amplification reactions were made using a PTC-100 thermocycler (MJ Research) and analysed by 2% agarose gel electrophoresis.
FACS analysis
To analyse entry into S phase, 3T3-NEO and 3T3-E3L cells were serum deprived for 48 h. Cultures were induced to enter the cell cycle by the addition of DMEM supplemented with 10% CS. After 0, 4, 8, and 12 h the cell cycle state was analysed by PI staining and FACS (Xu et al., 2002) .
Immunoblotting
For E3L Western blot analysis, total cell extracts were fractionated by gel electrophoresis (SDS -PAGE) and proteins were transferred to nitro-cellulose paper. Filters were incubated with E3L antibodies and expression detected using ECL Western blotting reagents (Amersham). For p27 kip1 immunoblotting, 50 mg of total cell protein was loaded per line and amounts confirmed by Western blot with antibodies to b-actin. Levels of expression were evaluated after exposure of filters to Kodak X-OMAT film.
Antiviral activity assay
Confluent cells grown in six-well plates were treated for 12 -16 h with the indicated amounts of murine IFN a/b (Lee Biomolecular; specific activity 10 8 units/mg). After IFN treatment, cells were infected with vesicular stomatitis virus (VSV) at 500 p.f.u./well and at 36 h.p.i. cells were washed with PBS, fixed in 10% formalin, and rinsed with distilled water. Cells were stained with 0.1% crystal violet for 30 min, rinsed extensively, and dried. Cell-associated dye was extracted with 2 ml 10% acetic acid. Aliquots were diluted 1 : 4 with H 2 O, transferred to 96-well microtiter plates, and the optical density at 590 nm (OD 590) was determined. Values were normalized to the optical density at day 0 for the appropriate cell clone. Each time point within an experiment was determined in duplicate.
Apoptosis assay
The cell death detection enzyme-linked immunosorbent assay (ELISA) kit (Roche) was used according to the manufacturer's instruction. This assay is based on the quantitative sandwich enzyme immunoassay principle and uses mouse monoclonal antibodies directed against DNA and histones to estimate the amount of cytoplasmic histone-associated DNA.
Formation of tumors in nude mice
Female 4 -6 week old nude mice were inoculated subcutaneously in the right flank with 3610 6 3T3-E3L cells resuspended in 0.1 ml PBS. Mice were checked daily for tumor formation. Mice were sacrificed and tumor specimens analysed for E3L mRNA and examined histologically.
Focus formation assay
NIH3T3 cells were plated in DMEM containing 10% calf serum at a density of 1610 6 cells/100 mm plate. After 14 h incubation, the cells were transfected with pCINEO alone, with pCINEO-E3L, with pATL-Ras H or with pCINEO-E3L and pATL-Ras H using the jepPEITM reactive (Genycell). The total amount of transfected DNA was fixed to 15 mg with pCINEO plasmid DNA as a carrier. At 24 h posttransfection, the medium was changed with DMEM containing 10% calf serum, and at 48 h post-transfection cells were split at 4 : 1 ratio and cultured with DMEM containing 5% calf serum. The medium was changed every 3 days and after 15 days, the cells were fixed in a phosphate-buffered saline (PBS) solution, containing 0.2% glutaraldehyde and 0.5% formaldehyde, for 10 min on ice and stained with 0.2% crystal violet for 10 min at room temperature. The number of foci was counted. The experiments were performed in duplicate, and repeated at least twice.
Soft agar assay
10
4 cells were plated in DMEM plus 10% CS in 0.35% agar above a layer of 0.7% agar. After 3 weeks colonies were visualized and counted with the help of a microscope.
RNase protection assay
RNase protection assays were performed using a Riboquant Multiprobe RNase-protection Assay System mCYC-1an in vitro transcription kit and a RPA kit (Pharmingen). Reactions were performed following the standard protocol provided by the manufacturer. Purified DNase-treated total RNA (10 mg per reaction) was incubated with in vitrotranscribed radioactive 32 P-labeled probe for 16 h at 568C and then treated for 15 min at 378C, with RNaseA-RNaseT mix for 45 min at 308C. Residual RNase was digested by proteinase K (15 min at 378C), and protected fragment were precipitated with 75% ethanol-4 M ammonium acetate for 16 h at 7708C. RNA pellets were dissolved in 8 ml of loading buffer and 4 ml was loaded on 5% denaturing polyacrylamide gels. Bands in dried gels were visualized on film and signals quantified using a STORM Phosphorimager (Molecular Dynamics, Sunnyvale).
